Predation by microbes is one of the main drivers of bacterial mortality in the environment. In most ecosystems multiple micropredators compete at least partially for the same bacterial resource. Predatory interactions between these micropredators might lead to shifts within microbial communities. Integrating these interactions is therefore crucial for the understanding of ecosystem functioning. In this study, we investigated the predation between two groups of micropredators, i.e. phagotrophic protists and Bdellovibrio and like organisms (BALOs). BALOs are obligate predators of Gram-negative bacteria. We hypothesised that protists can prey upon BALOs despite the small size and high swimming speed of the latter, which makes them potentially hard to capture. Predation experiments including three protists, i.e. one filter feeder and two interception feeder, showed that BALOs are a relevant prey for these protists. The growth rate on BALOs differed for the respective protists. The filter feeding ciliate was growing equally well on the BALOs and on Escherichia coli, whereas the two flagellate species grew less well on the BALOs compared to E. coli. However, BALOs might not be a favourable food source in resource-rich environments as they are not enabling all protists to grow as much as on bacteria of bigger volume.
INTRODUCTION
Predatory interactions are key processes in microbial food webs. While it is well accepted that protists Sherr and Sherr 2002; Saleem et al. 2012 Saleem et al. , 2013 and viruses (Weinbauer 2004; Breitbart 2011) have major impacts on the mortality and herewith the composition of bacterial communities, another group of micropredators, i.e. predatory bacteria, has been understudied so far (Rotem, Pasternak and Jurkevitch 2014) . In particular, direct but also indirect interactions between the different micropredators are possibly causing substantial changes across trophic levels and need to be addressed for a full understanding of microbial food webs (Miki and Jacquet 2008; Johnke et al. 2014) . That is especially relevant as these micropredators prey upon bacteria with different prey preferences and might therefore act upon partially overlapping feeding resources.
Here we explore the predation between protists and the predatory bacterium Bdellovibrio bacteriovorus. Due to the ubiquitous occurrence of both predator groups (Finlay and Clarke 1999; Rotem, Pasternak and Jurkevitch 2014) and their relevance in reducing bacterial biomass (Hahn and Höfle 2001; Rocke et al. 2015; Williams et al. 2016) , direct interactions are likely. Bdellovibrio bacteriovorous is a member of the Bdellovibrio and like organisms (BALOs) which are obligate predators of Gramnegative bacteria (Rotem, Pasternak and Jurkevitch 2014) . Their feeding usually involves the attack phase in which the freeswimming BALO hunts for its prey and the invasion of the prey cell, followed by the formation of a bdelloblast. Finally, the destruction of the host cell leads to the release of two to seven new BALO cells (Fenton et al. 2010) . BALOs recently became promising candidates for environmental and biotechnological application, for instance as an alternative for the control of phytopathogens (Scherff 1973) , for antibiotic treatment in the poultry industry (Patterson and Burkholder 2003) or for the removal of bacteria from surfaces in the food industry (Fratamico and Cooke 1996) . Additionally to their antibiotic nature, they can also be considered probiotic, since they can positively influence the diversity of a natural microbiome without harming higher organisms (Dwidar, Monnappa and Mitchell 2012; Iebba et al. 2013) .
Protists graze on a broader range of bacteria than BALOs. The realised food range depends mostly on the feeding strategy a protist applies (Holen and Boraas 1991; Sherr, Sherr and McDaniel 1992; Gonzàlez 1996) , although the protist cell volume and cell shape flexibility are found to be also of significant impact (Glucksman et al. 2010) . Successful feeding is mainly influenced by the prey size (Andersen et al. 1986; Epstein and Shiaris 1992) , but also by other characteristics necessary for the execution of the consecutive steps of the feeding process (Montagnes et al. 2008) . Additionally, a low nutritional value, biochemical surface compounds, defence mechanisms of the prey and bacterial swimming speed above 25 μm s −1 (Matz and Jürgens 2005; Jürgens 2006; Rosenberg et al. 2009; Jousset 2012) can prevent successful predation. BALOs exhibit at least two of these factors, namely a very small size and a high swimming speed of up to 100 times of their body length per second (Lambert et al. 2006) , making the capture by a protist potentially hard. Moreover, their small cell size might not fulfil the requirements of a protist to induce growth, since a BALO has a mean cell volume of 0.075 μm 3 compared to 1.3 μm 3 for an average Escherichia coli cell (Milo and Phillips 2015) . Knowing these characteristics of BALOs one cannot simply assume that BALOs are predated by protists. Since protists are rather generalists in terms of their prey range, we, however, hypothesised that protists can feed and, as a direct result, grow on free-swimming (i.e. attack phase) BALOs. We expected that BALO uptake is more easily accomplished by a filter feeding ciliate species (i.e. Tetrahymena pyriformis), as this strategy is very effective for the uptake of small, suspended particles. That is, since ciliates usually create a current with their cilia to filter food particles from the water (Fenchel 1986) . In contrast, the flagellate feeding strategy, i.e. direct interception feeding, is a multistep process that involves a contact and processing phase prior ingestion . Therefore, depending on the particles' size and speed, interception feeders can show very different uptake efficiencies. It has been suggested that the speed and mass (i.e. contact momentum) of a particle set a threshold for the successful predation (Pfandl, Posch and Boenigk 2004) . A small and slow food particle might not lead to a predation reaction of the protist as it is not recognised as prey. We hypothesised that-despite their small size-exceptional fast swimming BALOs induce a contact momentum that is high enough to initiate a predation reaction of the medium size flagellate Poterioochromonas malhamensis strain DS and the small size flagellate Poteriospumella lacustris strain JBM10.
To our knowledge, this is the first study that investigates the predation of BALOs by protists. Testing these hypotheses in controlled set-ups will allow to shed some light on the potential interactions between these two micropredator groups and open new avenues to study the ecological relevance of protist predation on BALOs in their natural habitats and in microbial multipredator networks (Johnke et al. 2014 ).
MATERIAL AND METHODS

Organisms
As potential prey organisms we tested the two obligate predatory Bdellovibrio bacteriovorus strains HD100 and 109J that differ only in 28 000 nucleotide positions of their genome (0.75% of the whole genome, Wurtzel et al. 2010 All protists were axenically grown (i.e. without bacterial prey) prior to the experiment in either proteose peptone yeast extract medium (Smith and Doerder 1992) (T. pyriformis) or nutrient broth soyotone yeast extract medium with 1 g (JBM10) or 3 g (Poterioochromonas) organic supplement (Hahn et al. 2003) . Growth was obtained in 50-ml culture flasks at room temperature.
BALOs were cultivated on E. coli ML 35 as prey bacteria as described elsewhere (Jurkevitch 2012) . Forty-eight-hour old cultures were filtered twice through a 0.45-μm membrane to remove E. coli cells and to isolate the motile attack phase cells.
Experimental conditions
All experiments were conducted in the dark in 20-ml inorganic basal medium (Hahn et al. 2003) at 25
• C and in triplicates. Protist and bacterial cells were washed in inorganic basal medium prior to the experiment to exclude any organic particles. Protist and bacterial cells were added to the medium in distinct numbers depending on the experiment. That is a higher amount of bacteria was added in the experiment with heatkilled BALOs in order to ensure sufficient resource supply for the protists over the longer time period of the experiment. BALO and E. coli cell numbers differed by a factor of 10 to account for the different cell sizes of the bacteria. The starting concentrations of bacteria were selected so that they approximately reflect the overall bacterial abundance in natural environments. Protist cell numbers were not adjusted according to the protist cell size, but also rather reflect the naturally occurring cell numbers. No food controls were used to calculate the basal growth rates of the protists.
Experiment with living BALOs
Short-term experiments were conducted over 24 h using 2.78 × 10 7 ± 1.27 × 10 7 BALO cells/ml, or 7.49 × 10 6 ± 2.7 × 10 6 E. coli cells/ml, and 1865 ± 449 protist cells/ml as starting conditions. Samples of 1 ml were taken after 0, 4, 16, 20 and 24 h and fixed in either Lugol solution (for Tetrahymena) or formaldehyde (2% final concentration). Different fixation methods were chosen to enable the most suitable counting method for the protists. Direct counting in a cell chamber was only possible for the larger ciliate. Here, at least 3 × 20 squares were counted. The flagellates were counted after DAPI staining and with higher magnification. For that, formaldehyde fixed samples were filtered onto 0.2 μm Milipore filters (type GTTP) and DAPI stained (final concentration 12.5 μg/ml, diluted with Citifluor AF1). Cells were examined under the microscope (Nikon AZ100) and counted under UV excitation; all flagellate cells per filter were counted.
Experiment with heat-killed BALOs
Longer experiments were conducted over 144 h using 1.04 × 10 8 ± 3.22 × 10 7 BALO cells/ml, or 1.95 × 10 7 ± 1.45 × 10 7 E. coli cells/ml, and 3861.11 ± 770 protist cells/ml as starting conditions. Protist cell numbers were counted every 24 h. Prey bacteria were heat killed in order to prevent lysis over the course of the experiment. The results of these experiments were used to evaluate the potential protist growth or mortality on the different prey bacteria and calculated from the slope of the lntransformed protist abundances during linear growth.
Statistical analysis
All statistical analyses were performed within the R software environment using the implemented 'stats' package (R Core Team 2016). Tukey's HSD (honest significant difference) method was used to show significant differences between protist growth rates. Possible factors accounting for the changes in predator growth rates were fitted using the linear model function lm(). The variance analysis was performed using the anova() function.
RESULTS
Protists can grow on fast, free-swimming BALOs
To test if protists can prey and subsequently grow on freeswimming attack phase BALOs, we conducted short-term experiments using living bacteria. In the short-term experiment, all three protist species were able to grow on the tested BALOs in comparison to the no food control treatment (Fig. 1) . However, the two flagellate species grew significantly faster on the E. coli strain as compared to the BALOs, whereas the ciliate growth rates did not significantly differ between BALOs and the Escherichia coli strain (Table 1 and Table S1 , Supporting Information). Additionally, we observed growth of the ciliate in the control treatment (i.e. the no prey control).
The small flagellate Poteriospumella died in the no food control with a mortality rate of -0.50 ± 0.27 day −1 but grew on all bacterial strains. The BALOs allowed only for moderate growth, i.e. a growth rate of 1.62 ± 0.14 day −1 using BALO strain HD 100
and a growth rate of 1.84 ± 0.20 day −1 using BALO strain 109J. In contrast, providing E. coli as food resulted in a high growth rate of 4.15 ± 0.32 day −1 .
The medium size flagellate Poterioochromonas died in the no food control with a mortality rate of -0.85 ± 0.23 day −1 but grew with a growth rate of 1.0 ± 0.1 day −1 with E. coli as food bacterium. In contrast, Poterioochromonas did hardly grow on the BALO strains; nonetheless, these strains maintained a rather low number of flagellate cells in the experiment (HD100 0.22 ± 0.1 day −1 , 109J 0.15 ± 0.34 day −1 ).
Protists show minor growth on heat-killed attack phase BALOs
To evaluate the growth of protists on BALOs over longer periods of time, we used heat-killed bacteria as prey in an experiment that lasted for 144 h. Protist growth rates on heat-killed prey bacteria were slightly lower as compared to live prey (Fig. 1) .
Tetrahymena grew on all three bacterial strains. In contrast to live prey Tetrahymena grew slightly less on heat-killed BALO strains (HD100 0.54 ± 0.1 day −1 , 109J 0.52 ± 0.03 day −1 ) as compared to heat-killed E. coli (0.71 ± 0.07 day −1 ); significant differences were only found between the growth on E. coli and the control (Table 1  and Table S1 , Supporting Information). The ciliates ability to directly feed on heat-killed BALOs and E. coli was further verified by microscopy (Fig. 2) . Poterioochromonas grew on heat-killed E. coli (0.62 ± 0 02 day −1 ) and kept its cell numbers on heat-killed BALO strains (HD100 0.06 ± 0.06 day −1 , 109J 0.13 ± 0.04 day −1 ).
Poteriospumella grew on E. coli (0.64 ± 0.08 day −1 ) and on the two BALO strains, although less well (HD100 0.14 ± 0.1 day −1 , 109J 0.32 ± 0.02 day −1 ).
Possible influences on the protist growth rate
In order to explain the variation in the growth rate of the different protists, we used a linear model to find factors responsible for differential protist growth. We tested the effect of protist and bacterial cell size, and the feeding mode of the protist as possible factors. The size of the protists correlated with the observed variation in their growth rate of the long-term experiment, but not of the short term experiment (P-values are given in Table 2 and Table S2 , Supporting Information). In addition, the feeding mode (filter feeder vs interception feeder) was an indicator of varying protist growth rates during the long-term experiment, but not during the short-term experiment (Table 2 and  Table S2 , Supporting Information). During the short-term experiment, protist growth was significantly correlated with the size of the prey. However, modelling multiple factors resulted in significant correlations between protist growth and the combination of the protist size and the combined influence of the feeding mode and the prey size (i.e. protist size + protist feeding mode × prey size, Table 2 and Table S2 , Supporting Information). However, since we did not measure alternative parameters which may also influence protist growth, such as secondary metabolites, and due to the limited amount of different protists we tested, a generalisation of our results to all protists is not possible. Combination: protist size + protist feeding mode × prey size Protist size (combined) * * * Protist feeding mode (combined) * * Prey size (combined) * * * Protist feeding mode × prey size (combined) * * * P-values were obtained by an analysis of variance (ANOVA) after linear modelling. Either single factors or combined factors were tested. P-values: P < 0.001:' * * * ', 0.0011 > P < 0.01:' * * ', 0.011 > P < 0.05:' * ', ns: not significant.
DISCUSSION
Our experiments provide the first evidence that protists prey upon BALOs in simple two-species set-ups. We found that filter feeders, as well as interception feeders, are able to grow on living and dead BALO cells, although to a different extent. We further found that the ciliate was growing better on the BALOs than the two flagellates. The successful predation by the filter feeder is not too surprising, due to its predation technique which allows the random uptake of particles (Fenchel 1980 (Fenchel , 1986 . Contrary, flagellates apply a much less random capture strategy that includes a certain processing time (Montagnes et al. 2008) . We hypothesised that feeding on BALOs by flagellates can still be accomplished in spite of the combined effect of the small size and high swimming speed of the predatory bacteria. It was previously suggested that the contact momentum, the combined effect of an objects mass and velocity, of small bacteria might not be strong enough to induce a predation reaction of flagellates (Pfandl, Posch and Boenigk 2004) . However, the unusual high swimming speed of BALOs implies an increased momentum and might enable the recognition of BALOs as prey. Even though our results indicate predation of BALOs by flagellates, the grazing rates per protist were much lower as for the ciliate. The fast swimming speed of the BALOs might not only increase the contact momentum but also the speed at which a bacterium is able to escape and this speed might be high enough to outrun the processing time of the flagellate.
Predator growth differs significantly between different protists
As expected, we found that the tested ciliate removed BALOs to a larger extent than the tested flagellates. We suggest that this removal is not directed, but rather random, since filter feeding ciliates are known to arbitrarily churn particles to their mouth structure and ingest them (Fenchel 1986 ). Linear modelling specifies that our findings might be not only explained by the different feeding mode of the ciliate but also by the size of the predator and prey. The size of prey was already shown to be a relevant factor for feeding success (Fenchel 1986; Gonzalez, Sherr and Sherr 1990; Monger and Landry 1991; Simek, Vrba and Hartman 1994; Gonzàlez 1996) . It was further suggested that different planktonic predators have a different optimal predator-prey size ratio in regards to their spherical diameter and that this ratio depends on the feeding strategy of the respective predator (Hansen, Bjornsen and Hansen 1994) . This ratio was stated to be 8:1 for ciliates and 3:1 for flagellates. This corresponds to an approximate volumetric ratio of 500:1 in case of the ciliates and 30:1 in case of the flagellates. Our study consistently involved predator-prey combinations with higher volumetric ratios and that might explain the relatively low protist growth rates compared to the E. coli control. However, since there are known examples of flagellates that are able to feed on prey cells with equal (e.g. Roberts et al. 2011) or even larger body sizes (Hess and Melkonian 2013, Okamoto and Keeling 2014) , we cannot make conclusions regarding the optimal predator-prey volumetric ratio with absolute certainty. Our experiments depended on bacteria-free protist cultures in order to exclude the effects of other prey bacteria. Since protists are usually not available as axenically grown cultures from public culture collections, improving the rather time-consuming approaches to obtain such cultures would allow testing additional filter and interception feeders of other sizes in a very controlled way. We observed protist growth on BALOs during the short-term experiment on living cells suggesting that protist are able to capture a sufficient amount of the small and fast swimming cells. The highest growth rates were observed for the ciliate and the small flagellate which might be explained by the feeding strategy in the first case and the cell volume ratio of predator and prey in the latter case. A correlation between predator-prey size ratio and grazing sensitivity was also found to be a crucial factor for the predation on ultramicrobacteria by flagellates (Boenigk et al. 2004) .
We expected that living BALOs can escape predation to some extent due to their swimming speed. Surprisingly, we found higher growth of the flagellates on living BALOs than on heatkilled BALOs (Fig. 1) indicating that swimming speed, even though certainly involved in escaping protist predation, may be less important than expected. Experiments on Pseudomonas fluorescence indicated that the nutrient value, as characterised by the ratio of C:N:P, can be reduced by a factor of up to 2 in heatkilled bacteria and that the prey food quality significantly affected the flagellate ingestion rates (Shannon, Chrzanowski and Grover 2007) .
Potential impacts of BALO-protist predation
The community structure of prey bacteria can influence the BALO population structure due to the preferences in prey species of different BALO phylotypes (Chen et al. 2011) . For natural environments that might mean that a BALO community is initially influenced by the existing prey organisms within a reachable habitat. At the same time, the differential predation of protists with different feeding modes and sizes selects bacteria by their size which fosters the growth of small and large bacteria. These bacteria may subsequently act as a food source for BALOs that are suitable to infect those cells. This indirect mutualism would therefore enable both predators to survive in the same habitat, and might shed some light into the existing conundrum of coexistence. Protists and BALOs can be considered intraguild predator (IG predator, in this case the protist) and intraguild prey (IG prey, the BALO). Intraguild predation (IGP) describes the interspecific interaction between predators of a shared prey (Polis, Myers and Holt 1989) . Being often asymmetric, this interaction results in the killing and removal of the less dominant predator (IGprey) by the IGpredator. In theory, IGprey and IGpredator can coexist only if the IGprey is a better competitor for the shared resource and the environment is of intermediate productivity (Holt and Polis 1997) . Since BALOs are more specific in terms of their food source, one can consider them to be less competitive for the shared resource-the pool of bacteria in an environment. It might therefore be that BALOs and protists tend to avoid IGP in nature by, for instance, resource partitioning. IGP would, in this case, influence the behaviour of the IGprey (Lima 2002 ) by leading to a change in habitat choices (Heithaus 2001) .
Our experimental conditions allowed only the comparison of protist growth on BALOs and E. coli. However, protists may not grow equally well on other bacteria due to various antipredation strategies (Matz and Kjelleberg, 2005) , such as the production of secondary metabolites (Jousset et al. 2006) or volatiles (Schulz-Bohm et al. 2017) . That said, the difference between protist growth on a BALO and a 'regular size' environmental bacterial prey might be different for that observed in our laboratory setup, indicating that IGP in natural environments might be a more important factor as indicated by our results.
BALOs as steppingstone for the predation of small cells by protists
Even though we observed that protists can directly feed on attack phase BALO, the low growth rates indicate that freeswimming BALOs are not the most suitable food source for the protists. Calculations indicate that bacteria that are smaller than 0.5 μm in diameter are four to six times less often in contact with a protists predator than bacteria larger than 1 μm (Matz et al. 2002; Matz and Kjelleberg 2005) . It is therefore more likely that in natural environments bdelloblasts-i.e. BALOs within a bacterial prey cell-are a more worthwhile food source. This case of indirect predation is often referred to as coincidental IGP (Polis, Myers and Holt 1989) . The advantages for the IGpredator are that those cells are bigger (they contain a 'regular' bacterial cell and at least one BALO cell), but also slower and therefore easier to capture. A BALO within a bacterium could therefore make otherwise too small bacteria available to protist predation. However, this hypothesis needs to be tested in future studies.
